The dynamics of intramolecular vibrational relaxation ͑IVR͒ for ArCl 2 are examined for a wide range of vibrational and rotational excitation. In order to describe the IVR more efficiently, and characterize it more quantitatively, we propose a refinement of the traditional Bixon-Jortner description in which the active states are prediagonalized to simplify the coupling scheme that must be considered. This allows for an explicit determination of the average density of states and average coupling strength for each initial excitation. We find that the IVR dynamics proceed from the sparse regime for vϭ11, for which the first open dissociation channel corresponds to the loss of two Cl 2 quanta, to the intermediate-dense regime for vϭ25 which dissociates by the loss of 4 quanta. We find that over this range the increase in the density of states is less important than the increase in the coupling strength. For v ϭ 18 we examine the effect of rotation in considerable detail. Initial states that couple via a manifold of 6000 channels can be considered since the calculation is performed on a parallel computer. The effect of increasing J, the total angular momentum excitation, is found to be less than that of increasing K, the degree of rotation about the van der Waals bond. This means that the main effect is not simply an increase of the available density of states due to Coriolis coupling. Understanding the details of IVR in a relatively simple system like ArCl 2 should help us understand the dynamics of more complicated molecules. In particular, the case of ArI 2 is discussed.
I. INTRODUCTION
van der Waals clusters provide interesting model systems for characterizing intramolecular vibrational redistribution ͑IVR͒. The molecule can be excited to a well defined state, which undergoes IVR and this eventually leads to dissociation of the weak van der Waals bond. Triatomic molecules are especially interesting because the IVR dynamics can be completely characterized by both experiment and theory. For rare gas-halogen species, for example, the dynamics can be experimentally studied in both the frequency [1] [2] [3] [4] and time 5, 6 domains. The fact that IVR dynamics could occur in such a simple molecule was first demonstrated for ArCl 2 , 7 for which vibrational predissociation ͑VP͒ occurs through sequential loss of two quanta of the chlorine stretch to the van der Waals manifold. Since the result of the first vibrational transfer is the production of a highly vibrationally excited van der Waals mode, the final dissociation step leads to a very complicated product rotational distribution. This is in contrast to the dynamics of HeCl 2 and NeCl 2 ͑Refs. 8-11͒ for which ⌬vϭϪ2 dissociation occurs by direct coupling to the continuum manifold of states and for which the product rotational distribution were much simpler. Quantum calculations [12] [13] [14] [15] for ArCl 2 confirmed that the IVR model of sequential coupling is correct. Optical excitation prepares a ''bright'' state corresponding to the ground van der Waals level of a given chlorine vibrational state v.
This bright state first couples to a ''dark'' state that corresponds to a highly excited van der Waals level associated with the chlorine vϪ1 state. This dark state then couples to the vϪ2 continuum of dissociative states. Since a different dark state couples to each possible bright state, due to the chlorine anharmonicity, the final rotational state distribution is different for each initial bright state. Similar IVR dynamics have recently been observed for very high vibrational levels of HeBr 2 which decay by sequential ⌬vϭϪ2 when the ⌬vϭϪ1 channel is closed. The erratic dependence of the measured lifetime on the initial vibrational quantum number 16 has been reproduced by recent calculations. 17 For ArI 2 vibrational predissociation competes with electronic predissociation in the vϭ16 to 24 vibrational excitation range. 1, 18, 5, 4 From intensity measurements it has been deduced that VP rates increase monotonically with vibrational excitation. 1, 20 Recent measurements 4 have confirmed this smooth variation of the VP rate with v, based on a very similar linewidth for the ground and the first excited van der Waals states. In this vibrational range VP occurs via the transfer of three quanta from the I 2 stretch to the van der Waals degrees of freedom and the IVR model is appropriate. [21] [22] [23] For the VP dynamics to have the monotonic dependence on energy observed by Klemperer et al., the IVR dynamics must occur in the statistical limit for which a large number of doorway states are coupled to the bright state. If only a few dark states were coupled to the bright state, i.e., inthe sparse IVR regime, then erratic dynamics such as that observed for ArCl 2 and HeBr 2 would also have been observed for ArI 2 . The statistical limit of IVR has been traditionally attributed only to large molecules, 24, 25 so the possibility that it applies to ArI 2 is quite surprising.
In this paper we explore the possibility that the statistical limit of IVR can occur for a triatomic van der Waals molecule. We focus on ArCl 2 since it is more amenable to exact quantum calculations. This also allows us to check the validity of statistical models such as the Bixon-Jortner model 24 and could also be compared with the random matrix model. [26] [27] [28] In the former model, the levels and widths of the dark states are assumed to be uniform, while in the latter case they are chosen at random from a distribution function. Applicable distribution functions have been discussed for molecular, atomic 29 and nuclear problems. 30 We examine how vibrational and rotational excitation cause the dynamics to shift from the sparse to the statistical limit. The density of doorway states of ArCl 2 increases rapidly with rotational 23 and vibrational excitation. The density of states is proportional to (2Jϩ1) for rotational excitation because of Coriolis coupling. In this respect the behavior of ArCl 2 and ArI 2 should be quite similar. The change in the dynamics with vibrational excitation is faster for ArCl 2 than for ArI 2 because of the larger anharmonicity. One consequence of this large anharmonicity is that the number of chlorine vibrational quanta needed to dissociate the van der Waals bond changes rapidly with v. We study the VP dynamics for initial excitation to vϭ18, 22 and 25, for which 3, 4 and 5 vibrational quanta, respectively, are required for dissociation. For vϭ18 we examine the effect of rotational excitation up to Jϭ15. For several values of J, we also examine the effect of changing the orientation of rotation with respect to the molecular axes. Although these dynamical processes have not been observed in this regime for ArCl 2 because of competition from electronic predissociation, these calculations serve as a model system for understanding the dynamics of ArI 2 . Comparable calculations for ArI 2 are quite difficult. Only recently have Jӷ0 calculations been performed. 31 However, without including the effect of orientation, the statistical limit was not reached.
The organization of the paper is as follows. Section II gives a brief review of the usual treatment for radiationless processes. Particular attention is paid to the case of independent resonances. This case is valid when many resonances participate in the dynamics. Next, simplifications are presented which yield a simple model for classifying different IVR regimes. This model is analogous to previous models, 24, 25, 32, 33 with the advantage of being completely analytical. In section III the details of the quantum mechanical time-dependent calculations are presented. The angular coordinates are described using a combination of a Discrete Variable Representation ͑DVR͒ and a Finite Basis representation ͑FBR͒. In section IV numerical results are presented and analyzed in terms of the analytical models described in section II. Finally, section V is devoted to conclusions.
II. CHARACTERIZATION OF IVR REGIMES
Radiationless transitions are often described in terms of the eigenstates of a zero-order Hamiltonian, H 0 , which are coupled by VϭHϪH 0 where H is the complete Hamiltonian. The eigenstates of H 0 can be either discrete, i (0) , or continuum, ␣,E (0) states, and provide a complete basis for the description of the system. The continuum states can correspond to photon emission or to dissociation: the subscript ␣ is a collective index which describes the asymptotic states of the system. For the case under study, dissociation is much faster than emission and hereafter we shall only refer to the possibility of dissociation without loss of generality. Also, for this case it is a good approximation to assume that the initial state, 0 , created by photo-excitation can be described using only the zero-order discrete states
The absorption spectrum can then be expressed as 23 ,
͘ are the resolvent operator matrix elements given by
(0) ͘* and ⌬ k j (0) are indirect couplings between the zero-order bound states due to their dissociation to the same continua. 34, 28, 14 To invert the matrix on the right-handside of Eq.͑3͒ it is convenient to first diagonalize it by an orthogonal transformation, T, yielding the k eigenvalues. The population of the initial state as a function of time is then given by
͑4͒
Using these expressions and a well chosen subset of the zero-order basis set results in a simplified model for describing the IVR dynamics. The energies and the couplings on the right hand side of Eq. ͑3͒ can be treated as parameters to fit experimental or theoretical results. This is a generalization of the analysis that was applied to the ⌬vϭϪ2 dissociation of ArCl 2 . In that case two zero-order discrete states were sufficient to accurately describe the absorption spectrum, the time evolution of zero-order bound states, and the dissociation probabilities.
14 If Eqs. ͑1-4͒ are used directly in the fitting procedure, the results are very sensitive to the relative position of the zero-order states and their mutual couplings. For this reason it is convenient to construct a new basis set, hereafter referred to as first-order, in which the complete Hamiltonian is diagonalized in the discrete part of the basis set, since the continuum subspace has been assumed to be diagonal. In the pre-diagonalized basis the expressions for the initial state, the spectrum, and the time evolution of the population, remain quite similar to Eqs. ͑1͒, ͑2͒, and ͑4͒. The changes in the equations of the resolvent operator are more substantial. Eq. ͑3͒ becomes
In the prediagonalized basis the only coupling terms that remain in Eq. ͑5͒ result from indirect coupling of the bound states via the continuum. These coupling terms represent interferences 34, 28, 14 and can be positive or negative. When the number of states is large the coupling terms tend to cancel out 28 and can be neglected. The absorption spectrum then reduces to a collection of independent Lorentzians,
The population of the bright state becomes
and the dissociation probability can be simply expressed as
A useful classification of IVR regimes can be obtained by applying simplifying assumptions to the above equations. Bixon and Jortner 24 developed such a model corresponding to the zero-order basis set. They assumed that the initial state is coupled to an infinite number of equally spaced dark states. The dark states all have the same width, ⌫ϵ⌫ k , and the same coupling V to the initial bright state.
Here we make similar assumptions, but work in the firstorder basis set described above. We assume an infinite number of equidistant bound states with the same width ⌫ and with energies E k ϭk⌬ (Ϫϱрkрϱ). The coefficients of the initial state in this basis are a k /a 0 ϭV/(k⌬Ϫi⌫), where V is the coupling in the zero-order basis. This formulation is equivalent with that of Bixon and Jortner in most cases, 36 and provides the following simplified equation for the absorption spectrum:
where ⌫ IVR ϭ͉V͉ 2 /⌬,
and the time dependence of the evolution of the initial state population,
with TϭtϪ2បn/⌬, n being the integer part of t⌬/2ប. The qualitative nature of the functions (E) and P b (t), as defined above, changes with the ratio ⌫/⌬ ͑see Figs. 1͒. This leads to a natural classification, as previously discussed, 24, 25, 32, 33 of IVR dynamics.
͑a͒ Sparse regime, (⌫Ӷ⌬): In this regime the resonances are well separated. The initially populated bright state will usually interact with a single dark state, so that quantum phenomena such as recurrences are readily apparent. However, this means that the ⌫ k j terms, neglected in the classification model, are usually important. For a detailed analysis of this regime, the simplifying assumptions made above should not be used and are not necessary. ͑b͒ Intermediate regime, (⌫Ϸ⌬): In this regime the resonances are mixed but have not completely lost their individual identity. This will be apparent in both the spectrum, in which nearby transitions will overlap with each other, and in the dynamics, which will exibit nonexponential decay with weak recurrences in the population of the initially excited states. ͑c͒ Statistical regime, (⌫ӷ⌬): In this regime there are many closely spaced resonances that blend together to yield a quasi-Lorentzian excitation spectrum. As a consequence, the initial states lose their identity and decay irreversibly as a single exponential.
III. QUANTUM TIME-DEPENDENT DYNAMICS
The formalism used in this paper is based on that previously discussed in detail, except that overall rotation is explicitly included. Therefore, a brief review of the method is presented.
The Hamiltonian of a triatomic system using Jacobi coordinates is
where r is the Cl 2 intramolecular distance, R goes from the Cl 2 center of mass to the Ar atom, and is the angle between these two vectors. The angular momentum operators, j and l, are associated with r and R, respectively. V BC (r) is the potential for the vibrational coordinate of the diatomic and V(r,R,) the van der Waals interaction potential. In a body-fixed frame chosen such that the z-axis lies along the R vector and all three atoms lie in the x-z plane, the total wavepacket is expanded as
R , R , and are the Euler angles specifying the orientation of the body-fixed frame. The W M ⍀ Jp functions are linear combinations of Wigner rotation matrices such that the parity under inversion of all coordinates, p, is well defined
M and ⍀ are the quantum numbers for the projections of the total angular momentum on the space-fixed and body-fixed z-axis, respectively. The diatomic vibrational eigenfunctions, v (r), are solutions of
Insertion of Eq. ͑13͒ into the time-dependent Schrödinger equation using the Hamiltonian, Eq. ͑12͒, yields a set of first order differential equations for the ⌽ ⍀,v JM (R,,t) coefficients
͑16͒
The solution of the above equations is performed by representing the ⌽ ⍀,v JM (R,,t) on finite grids for both R and
͑17͒
A set of equidistant points, R k , is chosen for the radial grid, and the radial kinetic term is solved using the Fast Fourier Transform method. 37 For , we use a set of Gauss-Legendre quadrature points, n , with weights w n . Using a Finite Basis Representation ͑FBR͒ for the Euler angles and a Discrete Variable Representation ͑DVR͒ for is convenient since the interaction potential only depends on . The action of the angular momentum operators on the wavepacket is best described as three steps. First, the wavepacket is transformed to the spherical harmonics basis set, Y j⍀ (,0), through a DVR tranformation, T n j ⍀ ϭͱw n Y j⍀ ( n ,0). Second, the matrix elements of the angular momentum operators are evaluated in the spherical harmonics basis set as,
The final expression is obtained by transforming back to the discrete variable representation. In practice, these three steps can be performed in a single operation,
In the body-fixed frame, it turns out that the only coupling between adjacent ⍀ components of the total wavepacket is due to the non-diagonal terms of l 2 . This calculation is very well suited for massively parallel computing: each processor is assigned a value of ⍀, and the exchange of information between processors is only due to the nondiagonal terms of l 2 . Jϭ15 calculations described in what follows were performed on a massively parallel computer. Test calculations for Jϭ1, 3, and 7, showed that the CPU time per processor was independent of J.
This formalism provides a convenient set of zero-order quantum numbers, associated with H 0 of the IVR model, to describe both the initially excited wavepacket and its time development. The set of quantum numbers include v, describing the vibrational state of the free chlorine fragment; J, the total angular momentum; M , the projection of J on the space-fixed z axis; K, which orders the rotational sublevels of a given J, and is analogous to the asymmetric top K; p, the parity; and n, which characterizes the van der Waals vibrational level. In particular, H 0 is defined such that the discrete zero-order states are given by
where m (R) are radial basis set functions. gives the time dependence of the initial state population and the absorption spectrum is given by the Fourier transform of the autocorrelation function
A particularly interesting quantity is the amount of energy stored in the Cl 2 stretching vibration as a function of time. This is evaluated by projecting the wavepacket onto the chlorine basis
For the dissociative vibrational channels, P v (t) approximately gives the time dependence for the production of the final vibrational state v and can be directly compared with real time experiments. 5, 6 As in our previous studies of the IVR in ArCl 2 , an atomatom Morse potential is used to describe the short range part of the van der Waals attraction, V(r,R,) in Eq. ͑12͒, between the Ar and the Cl 2 . The Morse parameters, Dϭ106 cm Ϫ1 , R e ϭ3.9 Å and ␣ϭ1.8 Å Ϫ1 , are chosen to reproduce the experimentally determined bond energy, bond length, 13 and to approximately reproduce the time scale of the dynamics. 15 An anisotropic van der Waals form is used in the asymptotic region. 13 The Cl 2 potential, V BC in Eq. ͑12͒, was obtained by a cubic spline interpolation of Coxon's RKR potential. 43 For each case described in the next section, the exact time dependence and spectrum were calculated using Eqs. ͑22͒ and ͑23͒. The spectrum and time dependence were then fitted to the first-order model, Eqs. ͑6͒ and ͑7͒, using the smallest possible number of parameters. Finally, Eqs. ͑10͒ and ͑11͒ were used to characterize the regime of the IVR dynamics for each energy.
IV. RESULTS AND DISCUSSION
We have used the methods described in the previous sections to explore the effects of increasing vibrational and rotational excitation on the IVR dynamics of ArCl 2 . The Cl 2 vibrational manifold is very anharmonic, as demonstrated by the dependence of the vibrational frequencies and rotational constants on v. This high anharmonicity allows us to explore different regimes of IVR by changing the quantum numbers of the molecule over a fairly small range. In particular, the number of vibrational quanta that must be transfered from the Cl 2 stretch to the van der Waals modes in order to dissociate the 178 cm Ϫ1 ArCl 2 bond changes quickly with v. For 1рvр7, the transfer of only one quantum is necessary; for 8рvр16, two quanta must be transfered; for 17рvр20 three quanta; for 21рvр23 four quanta and so on. We refer to these vibrational levels as the ⌬vϭϪ1, Ϫ2, Ϫ3, and Ϫ4 regimes, respectively. For the higher vibrational levels, the Cl 2 vibrational quanta are much less than the ArCl 2 bond energy, and the dissociation process
In what follows, we examine one vibrational level from each ⌬v regime to observe how rapidly the number of states participating in the dynamics increases, and how strongly the states are coupled. For ⌬vϭϪ2, we examine vϭ10; for ⌬vϭϪ3, vϭ18; for ⌬vϭϪ4, vϭ22; and for ⌬vϭϪ5, vϭ25. In this part of the study, only Jϭ0 states are considered. Over this range of v, the dynamics move from the sparse to the statistical regime.
Another way to go from the sparse to the statistical regime is through rotational excitation. Until recently such a study would have been too expensive computationally. The formalism we propose above for parallel computing makes it possible to study the rotational dependence in a reasonable amount of time. Our approach is quite similar to that recently described by Goldfield and Gray, 31 although they limited their study to Kϭ0. One would expect that since the overall density of states is proportional to J, the dynamics should become more statistical as J increases. To explore this behavior, we have studied a variety of rotational levels for vϭ18. We find that the IVR regimes do not change qualitatively with J for the Kϭ0 sublevels. Interestingly, however, for a given J, increasing K changes the IVR regime closer toward the statistical limit.
A. Increasing vibrational excitation, J‫0؍‬
In this section, we discuss the effect of increasing vibrational excitation in the IVR dynamics. We examine one vibrational level for each ⌬v value greater than one.
v‫:01؍‬ minimum ⌬v‫2؊؍‬
The case of vϭ10 has been studied previously [13] [14] [15] in great detail using both the time-dependent and timeindependent formalisms. This is a prototypical example of IVR in the sparse regime where a single dark state in the vϭ9 manifold mixes with the vϭ10, nϭ0 bright state to induce the dissociation to the vϭ8 continuum. Coherent excitation of the bright state results in an oscillation of the population between the bright and dark states as shown in Fig. 2͑a͒ . Since the dark state provides the doorway to the continuum, the dissociation flux follows the vϭ9 population, and the total vϭ8 population increases as a series of steps. The absorption spectrum in the region of the vϭ10 bright state is shown in Fig. 2͑b͒ . The two first-order states that share the bright state intensity are readily apparent in the figure. The non-exponential time dependence and the absorption spectrum are well reproduced by a fit to the first-order model, Eq. ͑4͒. In this case, the fit only requires two firstorder states and one coupling term. The fit of the model to the exact calculation is also shown in Fig. 2 . In the first-order model, the steps in the time dependence of the product appearance are clearly due to the ⌫ 12 term which causes the interference between the two first-order states via the continuum. The two peaks of the absorption spectrum are also well reproduced by the analytical model.
For vϭ18, for which the first open dissociation channel is ⌬vϭϪ3, the results of the exact calculation and the firstorder model are shown in Fig. 3 . The nature of the absorption spectrum changes dramatically between vϭ10, Fig.  2͑b͒, and vϭ18, Fig. 3͑b͒ . While the vϭ10 spectrum consists of the bright state and a single, well separated dark state, the vϭ18 bright state intensity is spread among a large number of dark state resonances forming a blended band about 20 cm Ϫ1 broad. In spite of the large number of states that contribute to the spectrum in the region of vϭ18, the autocorrelation function, Fig. 3͑a͒ , still shows a well defined beat pattern which indicates that the bright state interacts most strongly with one, or just a few, of the dark states before the population spreads into the rest of the manifold. Fig. 3 also shows the result of a fit of the exact spectrum to the first-order IVR model summarized by Eqs. ͑6͒ and ͑7͒. The fit requires 50 first-order states, although the bright state still accounts for 20% of the total intensity and the four most intense states carry 62% of the intensity. That this model, which incorporates an independent resonances assumption, works so well to fit the exact results indicates that when the number of doorway states is high, terms of the type ⌫ i j (i j) are negligible as expected. This was one of the key assumptions in formulating the model.
The first-order model allows us to interpret in some detail the decay of the vϭ18 bright state resonance. The dynamics can be divided into three regions, based on timescale. For the shortest times, a few picoseconds, fast decay is due to a manifold of broad resonances. Several recurrences occur in the intermediate time regime, 10-50 ps. These are mainly due to the influence of the 4 narrowest resonances which account for 62% of the total intensity. These well separated resonances give a ''sparse regime'' character to the overall decay of the state. The long time decay is dominated by the single narrowest resonance, EϭϪ170 cm Ϫ1 , ⌫ϭ0.076 cm Ϫ1 which accounts for 20% of the total weight of the state. This resonance is, of course, also very influential for the decay dynamics in the intermediate regime. If we calculate ⌫/⌬ from the average values of the widths and spacings between adjacent resonances, the result is 0.7. This indicates that the overall decay occurs in the intermediatesparse regime.
Even though the vϭ18 bright state must decay via a series of doorway states to the ⌬vуϪ3 manifold of final states, we have shown that its dynamics still have the character of the sparse regime, since the initial state vibrational population shows recurrences due to 4 main resonances. However, the population in the dissociative channels vϭ15, 14, and 13, increases nearly monotonically with time as shown in Fig. 4 . This is closer to the behavior described by the model of independent resonances in Eq. ͑8͒. Therefore time-resolved experiments, which measure the appearance of the dissociated fragments of the complex, will be characteristic of the intermediate regime. This is not contradictory since the initial and final states are no longer directly connected but the dynamics proceed via a longer series of doorway states. Also, the probability of higher ⌬v processes increases dramatically in this regime of IVR. ⌬vϭϪ4 accounts for 36% of the products and ⌬vϭϪ5 for 10%. These values are considerably higher than what would occur in the sparse regime, except close to a resonance in the continuum when one channel is close to threshold. 15 In this regime it would be especially useful to have both time resolved data for the dissociation probability versus time and energy resolved experimental data for the absorption spectrum. Together, these two types of data would provide a detailed characterization of the dynamics of the state.
v‫:22؍‬ minimum ⌬v‫4؊؍‬
The autocorrelation function and spectrum for the vϭ22 bright state for which the minimum value of ⌬v is Ϫ4, are shown in Figs. 5. Compared to the vϭ18 spectrum, Fig. 3 , the vϭ22 spectrum, Fig. 5͑b͒ , more closely corresponds to an envelop about 50 cm Ϫ1 broad that is not dominated by individual transitions. Also, the autocorrelation function, Fig. 5͑a͒ , decays very rapidly, with little regularity in the weak oscillations. In this case the fit to the independent resonances model includes 60 independent resonances. Although the number of resonances that must be included in the model does not increase dramatically over the vϭ18 case, the intensity is spread more evenly among the active resonances so that individual resonances are no longer so apparent. For vϭ22 the dynamics are clearly closer to the dense limit than for the lower levels, although the remnants of individual transitions are still visible. As the level of Cl 2 vibration increases, the number of coupled first-order states increases since more intermediate states are involved in the dissociation path. Also, the coupling between the states increases because of the greater anharmonicity. Using averaged values for ⌫ and ⌬, ⌫/⌬ϭ1.7. This is 2.5 greater than the value for vϭ18. It is interesting to note that this increase is due more to a higher average value of ⌫ than to a lower average value of ⌬. This confirms the interpretation that the move toward the intermediate regime is due more to a stronger coupling between states than to a higher density of states. The evolution toward the statistical limit is also apparent in the final vibrational state population of the diatomic fragments, presented in Fig. 6 . More vibrational states of Cl 2 are significantly populated than for the previous cases. As the IVR process approaches the statistical limit, more vibrational quanta get transfered to translation so that the final energy distribution of the fragments gets closer to a statistical distribution. It is very interesting that the population of the v-4 channel (vϭ18͒ goes through a maximum at tϭ7 ps and then decays ͑Fig. 6͒. This is a threshold effect. The spectrum is broad enough so that some dark state energies are above the opening of this product channel, and some are below. For the later set of energies, the v-4 channel serves as a doorway to the v-5 continuum, so they become populated quickly, and decay slowly.
v‫:52؍‬ minimum ⌬v‫5؊؍‬
The spectrum and autocorrelation function for vϭ25, for which the minimum value of ⌬v is Ϫ5, are shown in Fig. 7 . In this case, the time dependent approach did not converge, and the spectrum was obtained by numerically integrating the close-coupling equations 12, 13 for solving the timeindependent Schrödinger equation. As expected, the spectrum is even more congested than for vϭ22, the overall band being about 75 cm Ϫ1 broad. The fit to the independent resonance model in this case requires 86 resonances, with the most intense resonance contributing only 5% of the total. The autocorrelation function shown in Fig. 7͑a͒ was obtained from this fit. The average values of ⌬ and ⌫ yield a value of ⌫/⌬ϭ1.2. In this sense the IVR dynamics for vϭ25 are slightly ''less dense'' than those of vϭ22. Although the density of states has continued to increase, the coupling appears to have leveled off. This could be partly due to the fact that although the Cl 2 stretch has a very large amplitude in this region, the frequency is getting to be rather low. Another fact that must be considered is that for this very high level, the quantum calculations may not quite be converged even though the basis contains 440 coupled channels distributed in 14 vibrational states. At this excitation the Cl 2 , with a vibrational frequency only of the order of 20 cm Ϫ1 , is close to its dissociation energy.
The overall dependence of the Jϭ0 spectra and decay curves for ArCl 2 vibrational predissociation depend on v about as expected. The IVR regime moves slowly away from the sparse toward the statistical regime as v is increased. Since ArCl 2 is only a triatomic molecule, however, the density of states does not increase dramatically, and even for ⌬vϭϪ5 the dynamics have not reached the statistical limit.
B. Effect of overall rotation
When the VP process only requires ⌬vϭϪ1, the decay rate seems to be rather independent of the total angular momenta considered. In the case where VP proceeds via IVR, the density of states for a system will obviously be greater if rotational excitation is included in the calculation. In many cases it has been shown that this also applies to the effective density of states ͑the density of ''active'' states, i.e., of states that are effectively coupled to the initial state͒ so that the dynamics of decay increases with rotational excitation. A previous study of ArI 2 appears to show that rotational excitation does not, however, cause a dramatic change in the dissociation rate for this molecule. In that study only states with Kϭ0 were examined. Here we examine the effect of rotational excitation on the spectrum and dynamics of ArCl 2 , vϭ18. In addition to examining the effect of increasing J, the total angular momentum, we also examine the effect of changing the orientation of the angular momentum among the molecular degrees of freedom ͑i.e., changing K). We chose the case of vϭ18 for closer examination because it is in the sparse-intermediate regime for which a change in the effective density of states might be expected to have the largest effect. Once the molecule is in the statistical limit, it would be expected that the IVR rate would be ''saturated'' and independent of J and K.
For very low values of J, ⍀ ͑the projection of J onto the intermolecular axis͒ is a reasonably good quantum number. However, as J increases, so does the Coriolis coupling; so that for higher values of J, (J,K) states become a mixture of more and more ⍀ components. In addition, Coriolis coupling is maximum for ⍀ϭ0, since it is proportional to ͱJ(Jϩ1)Ϫ⍀(⍀ϩ1). As a consequence, it can be expected that the density of actively coupled states will increase with J, and that for a given J it will be maximum for Kϭ0 ͑which is the state with the highest proportion of ⍀ϭ0͒.
K‫,0؍‬ increasing J
Calculations performed for Jϭ1 and 2 ͑with Kϭ0͒ yield ⌫/⌬ ratios of 0.83 and 0.87, respectively ͑instead of 0.69 for Jϭ0). These higher values of the ⌫/⌬ ratio are mainly due to an increase of ͗⌫͘, because the narrowest resonances become a little broader ͑see Fig. 8͑a͒͒ . However, for all the J values studied, from Jϭ0 to 15, the recurrences in the decay of the autocorrelation function persist. Hence even though the number of states increases, the coupling remains rather low and the effective density of states does not change appreciably. It is remarkable that the first recurrence is practically at the same position for all the values of J studied: 10.7 ps ͑for Jϭ0) to 8.7 ps ͑for Jϭ15). This corresponds to an energy spacing evolving smoothly with J from 3.1 to 3.8 cm Ϫ1 . The corresponding spectra show two main resonances with a spacing of 3.1 cm Ϫ1 for Jϭ0, which smoothly increases with J. This effect has already been seen in timeindependent calculations 14 and was interpreted as follows. If one of the resonances is mainly of ''bright'' character and the other mainly of ''dark'' character, the rotational constants for the quasibound state corresponding to the former are very close to the ones for the ground van der Waals level of the vϭ18 manifold, while for the latter they are very close to the ones for a very excited van der Waals level. Hence the energy of the quasibound states do not move by the same amount with J.
Increasing both J and K
We now turn to the effect of K, which characterizes the orientation of J with respect to the intermolecular axis, on the IVR process. First we vary K for the same J. The autocorrelation function for Jϭ7 with Kϭ0, 2, 4, and 6; Jϭ10 with Kϭ0 and 10; and for Jϭ15 with Kϭ0 and 14, are shown in Figs. 9 . In nearly all the cases the recurrences persist, in particular the first one. However, it is clearly observed that for a given J, the amplitude of the recurrences strongly decreases with increasing K. In the case of Jϭ Kϭ10 the decay is nearly monotonic except for a reminis- cence of the first recurrence at Ϸ10 ps. This recurrence nearly disappears in the case of Jϭ15, Kϭ14. For this case we continued the propagation long enough (Ϸ 60 ps͒ to evaluate the absorption spectrum and the fit, in Fig 10, requires about the same number of independent resonances as was used for Jϭ0, but now the ⌫/⌬ ratio increases to 1.23. Therefore it may be concluded that in order to approach the statistical regime it is more important to increase K than J. This means that the Coriolis coupling is not directly responsible for the increase of ''active'' states. Instead, a less direct effect is responsible of the increase of the density of active states with J. Indeed, ⍀ is not a good quantum number. However, only a few values of ⍀ centered around K are needed to describe the initial quasibound state. For ⍀ϭ0, the matrix elements of the potential between angular basis functions is the same as for Jϭ0. This is not the case for ⍀ 0. Classically, the difference between ⍀ϭ0 and ⍀ϭJ is that ⍀ϭJ mainly corresponds to a rotation of the dihalogen molecule. For high values of ⍀, since it is also the projection of j onto the intermolecular axis, this means that Cl 2 is rotating relatively fast, hence tends to stay perpendicular to R. This effect is also seen quantum mechanically, since the basis functions Y j,⍀ϭ j are more and more closely packed around the perpendicular configuration. Hence quasibound states with ⍀ϭJ are strongly affected by rotation while those with ⍀ϭ0 are much less changed. A more careful study of this effect would be necessary in order to ascertain whether this is mainly due to the perpendicular equilibrium configuration of the complex.
C. Comparison with ArI 2
In addition to its fundamental interest, the vibrational predissociation dynamics in ArCl 2 may help clarify what happens in ArI 2 . Several experiments 1, 18, 4, 20 have revealed that for ArI 2 excited in the B electronic state of I 2 , vibrational predissociation competes with electronic predissociation. Recently Burke and Klemperer 4 have measured the ratio of the electronic to vibrational predissociation rate constants for 16 рvр24, where vibrational predissociation requires the transfer of 3 vibrational quanta of I 2 to the intermolecular bond. This ratio oscillates with v. From the fact that the ground and the first excited van der Waals levels had a very similar linewidth, they also deduced that the vibrational predissociation rate increases smoothly with vibrational excitation, which indicates that IVR occurs in the statistical limit. The measurements made by Zewail and coworkers 5, 6 on the time dependence of the production of the I 2 (vϪ3) fragments for vϭ18 and 21 are compatible with this conclusion, as they show an exponential time dependence with a slightly higher rate for vϭ21 than for vϭ18. Hence the oscillations of the rate constant ratio were due to electronic predissociation and were attributed to the a state, because they were very similar to those observed in the electric-field induced quenching of I 2 (B) fluorescence. 44 These oscillations of the electronic predissociation rate were well reproduced by a Golden Rule wave packet treatment. 45, 46 However, recent calculations on the vibrational predissociation dynamics of ArI 2 ͑Refs. 22,23͒ have concluded that, for the potential surface used, IVR is in the sparse limit. This would give an erratic dependence of the VP rate with v for low J. The same conclusions were reached recently by Goldfield and Gray 31 for Jӷ0, although they did not examine the effect of the orientation of the total angular momentum with respect to the molecular system (Kϭ0 in their calculations͒. Our work confirms these conclusions. However, the time dependence for the appearance of the Cl 2 fragments is very close to an exponential growth, as was seen in Fig. 4 for vϭ18 and Fig. 6 for vϭ22. Hence in the experiments measuring the production of the fragments as a function of time, it would be very difficult to differentiate between statistical and intermediate regime on the basis of this sole time dependence. To unambiguously characterize the IVR regime of a real system will require a combination of frequency-resolved and time-resolved spectroscopy, preferably for a system for which single state excitation is feasible.
More serious is the fact that the vibrational predissociation rate increases smoothly with vibrational excitation. Our work shows that for triatomic systems it is possible to reach an intermediate/statistical regime of IVR in which the VP rate constant would monotonically increase with v, if the rotational population of the complexes in the beam is taken into account. However, this is only true for certain orientations of J with respect to the molecular axes.
Another uncertainty concerning ArI 2 is the interaction potential, which is less well characterized than for ArCl 2 . It is possible that a potential corresponding to a higher density of states in the middle to upper range of the well would bring the IVR dynamics closer to the statistical limit. Also, the strength of the coupling is well known to be very sensitive to the value of the range parameter of the Morse part of the potential, so that a small change might be expected to have a large effect on the IVR regime.
Finally, electronic predissociation may play a role in the IVR dynamics by giving a width to the dark states, therefore reducing the density of dark states necessary to obtain the statistical regime. This, together with the effect of the rotational angular momentum, could reconcile the experimental observations with the theoretical conclusions. Calculations are currently in progress to treat simultaneously electronic and vibrational predissociation.
V. CONCLUSIONS
In this study of IVR in ArCl 2 we have proposed an extension of the Bixon-Jortner model. 24 The active states are prediagonalized to simplify the coupling scheme that must be considered, resulting in analytic expressions for the absorption spectrum and the time development of the states involved. This allows for an explicit determination of the average density of states and the average coupling strength for each initial excitation. We have demonstrated the utility of the new model by analyzing the dynamics of a variety of vibrational levels, which require the transfer of increasing number of quanta to effect dissociation. We have also examined the role of rotational excitation for the eighteenth Cl 2 stretching level. The ratio ⌫/⌬ is useful for characterizing the regime of IVR for each initial level. The value of this ratio varies from much less than one in the sparse limit to much greater than one in the statistical limit. As discussed previously, the vϭ10 level, for which the first open dissociation channel is ⌬vϭϪ2, provides a prototypical example of IVR in the sparse regime. The initial bright state decays to the dissociation continuum by first coupling to a single doorway state in the ⌬vϭϪ1 manifold. Two transitions ͑for Jϭ0͒ appear in the spectrum since the doorway state borrows intensity from the bright state. The autocorrelation function of the initial excitation shows a well defined quantum beat structure due to the interference between these two states. This places the dynamics clearly in the sparse limit.
For higher initial vibrational levels, involving the transfer of three or more quanta of Cl 2 stretch, the active density of states is considerably higher, and the coupling between the active states also increases. The spectra for these states are heavily congested. The largest qualitative change occurs in going from vϭ10 to vϭ18. For vϭ18, 50 first-order states are required for a complete fit to the spectrum, but the four most intense transitions carry 62% of the total intensity. The autocorrelation function of the initially excited state shows a well defined beat pattern, with the amplitude of the first oscillation over 0.3. The value of the ratio ⌫/⌬ is 0.7 for this transition. For vϭ22, 60 states must be included in the fit to the spectrum, only 10 more than for vϭ18. However, the intensity is much more evenly distributed so that the autocorrelation function decays rapidly with only low amplitude oscillatory structure. ⌫/⌬ϭ1.7, with most of the increase from vϭ18 due to increased coupling rather than increased density of states. The results for vϭ25 are not completely converged, but it appears that the dynamics for this level are less statistical than those for vϭ22: ⌫/⌬ϭ1.2. One possible explanation for this unexpected behavior is that the Cl 2 vibrational frequency for this level is quite low due to the large anharmonicity.
In addition, we have studied the role of the total angular momentum on the IVR dynamics for the case of vϭ18, which is in the intermediate regime for Jϭ0. For low values of J, the ratio ⌫/⌬ increases with J, since the density of levels increases with J, but not enough to make the recurrences of the autocorrelation function disappear. However, we have shown that varying the initial rotational sublevel K, corresponding to a different projection of the total angular momentum on the z body-fixed axis, ⍀, has a more important influence on the dynamics. It is found that for ⍀ϷJ, the process becomes closer to the expected behavior of the statistical limit. Varying experimentally the initially excited rotational sublevel, 7 should permit the analysis of this effect. The fact that the IVR dynamics evolve faster toward the statistical limit by increasing K for a given J rather than by increasing J for Kϭ0 shows that Coriolis coupling is not directly responsible for this evolution. Instead, the move toward more statistical behavior must be due to changes in the van der Waals level wavefunctions, and/or to changes in the coupling between levels. These changes would then be more important for KϭJ, which has a large contribution of the rotation of the plane of the complex, than for Kϭ0, where the complex rotates within a constant plane.
In this work values of J up to Jϭ15 have been considered, which implies a number close to 6000 close-coupled equations in a time-independent calculations. However, using the time-dependent method with a mixed grid-basis representation for the angular coordinates was very appropriate for massively parallel computers. The calculations require almost the same real time for Jϭ15 to run on sixteen processors than for Jϭ0 to run on one processor.
This work clearly shows that due to the large anharmonicity of the Cl 2 stretch in the B electronic state, the IVR dynamics of ArCl 2 change rapidly from the sparse toward the statistical regime with increasing v. Perhaps surprisingly, we find that the change from sparse to statistical behavior has more to do with the increase in coupling than with the increase in the density of states, once a certain threshold density is obtained. This is especially true for rotational excitation. Increasing J, for Kϭ0, has only small effects on the IVR dynamics, while increasing K for a given J has more dramatic effects. This shows that the increase in the number of coupled states due to Coriolis coupling is less important than might have been expected. The maximum values of ⌫/⌬ that was observed, 1.7 for vϭ22, Jϭ0 and 1.23 for vϭ18, Jϭ15, Kϭ14 are not yet at the statistical limit, but it would take a carefully crafted experiment to observe nonstatistical behavior for these levels. To accurately measure the regime of IVR for any level would require both frequency and time resolved spectroscopy, and some type of state selection to avoid initial state congestion.
The potential energy surface used for these calculations is reasonably accurate, and the results of these calculations are at least qualitatively correct. Similar calculations for ArI 2 have, so far, failed to indicate the onset of statistical behavior, in apparent contradiction to a growing body of experimental results. Unfortunately, the ArI 2 potential is much less well characterized than that of ArCl 2 . Therefore, is important that the ArI 2 results be checked for sensitivity to the potential before too strong a conclusion be made regarding the apparent disagreements between experiment and theory.
